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vABSTRACT
This research is motivated by two observations: No report has been found so far in
studies of water falling film up to 100 mm intertube spacing. No simulation analysis
of film thickness under influence of intertube spacing in 3 dimensional models.
Therefore, to the best of author’s knowledge, this research aims to illuminate the
effects of intertube spacing between horizontal tubes on water falling film. An
experimental investigation of water falling film temperature was conducted to
explore the characteristics of heat transfer coefficients. In this study, the intertube
spacing from smallest size of 8 mm and up to 100 mm were analyzed for Reynolds
number range of 300 to 3300. The experimental data was extracted from calibrated
test rig and the effect is investigated using numerical study. On the other hand, the
effect of film thickness is numerically investigated for intertube spacing range of 10
mm to 40 mm. The numerical simulation was presented using the Volume of Fluid
(VOF) technique where it is capable in determining temperatures and thickness of
water falling film under influence of ambient factors. The experimental results reveal
that intertube spacing of 133 mm produced the maximum heat transfer coefficient of
6 kW/m² K with percentage of error below 7%. The results of the numerical
simulation indicate that the 40 mm intertube spacing presented the minimal average
film thickness of 0.3 mm within ± 50% errors. Implications of the results and future
research directions are also presented.
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ABSTRAK
Faktor pendorong terhadap penyelidikan ini adalah berdasarkan kepada dua
pemerhatian utama iaitu: Kajian terhadap lapisan air yang mengalir di antara dua tiub
mendatar masih belum dijalankan bagi jarak melebihi 100 mm. Kajian simulasi
untuk mengukur ketebalan lapisan air secara 3-dimensi juga masih belum pernah
dijalankan di bawah pengaruh jarak di antara tiub mendatar tersebut. Oleh itu,
sebagai pilihan yang terbaik daripada penulis, penyelidikan ini bermatlamat untuk
menjelaskan kesan perubahan jarak di antara tiub mendatar terhadap lapisan air yang
mengalir melaluiya. Penyelidikan terhadap suhu pada lapisan air yang mengalir
tersebut bertujuan untuk menerokai sifat bagi pekali pemindahan haba yang telah
dihasilkannya. Di dalam kajian ini juga, pelbagai jarak di antara tiub mendatar telah
dianalisa, iaitu bermula dari saiz terkecil 8 mm hingga melebihi 100 mm dengan
nombor Reynolds berada pada julat 300 - 3000. Data ujikaji tersebut telah dihasilkan
dari pelantar ujian dengan pelarasan kejituan yang tinggi. Kesan terhadap suhu ini
juga diselidiki secara kajian berangka. Selain itu, ketebalan lapisan air pada
permukaan tiub juga telah diselidiki secara kajian berangka bagi saiz di antara tiub
mendatar 10 mm hingga 40 mm. Simulasi berangka di dalam penyelidikan ini telah
dijalankan dengan kaedah VOF dimana ia berkemampuan untuk mengukur suhu dan
ketebalan lapisan air di bawah pengaruh faktor-faktor persekitaran yang sebenar.
Hasil keputusan ujikaji menunjukkan bahawa jarak di antara tiub mendatar 133 mm
telah menghasilkan pekali pemindahan haba yang maksimum iaitu 6 kW/m² K
dengan peratusan ralat di bawah 7%. Hasil keputusan secara kajian berangka pula
menunjukkan bahawa saiz di antara tiub mendatar 40 mm telah menghasilkan
ketebalan lapisan air yang minimum iaitu 0.3 mm dengan peratusan ralat ± 50%.
Implikasi daripada keputusan serta halatuju kajian pada masa hadapan turut
dibentangkan.
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CHAPTER 1
INTRODUCTION
1.1 Introduction
In recent years, there has been an increasing interest in falling liquids film flowing on
horizontal tubes. It has been widely used as configuration inside heat exchanger and
often referred to as horizontal falling film evaporator. This type of heat exchanger
has made a number of important applications ranging from desalination devices,
refrigeration, chemical, food and dairy industries. A considerable amount of
literature has been published on falling liquids film. These studies have primarily
concentrated on heat transfer, temperature distribution, film thickness, flow patterns,
flow rate, enhanced structure of tube surface, tube diameter and effect of intertube
spacing. A number of study analyses have examined the relationship between
intertube spacing of horizontal tubes and temperature distribution. In 1998,
Armbruster & Mitrovic published a paper in which they described the temperature
effect of water falling film on intertube spacing and flow rates. Armbruster &
Mitrovic (1998) reported that temperature within falling film raised and remained flat
as intertube spacing increased. In a different study, Sait & Hani (2012) and Liu et al.
(2014) extended this work with heating fluid flows inside tube. They found that heat
transfer coefficient and temperature distribution within water falling film slightly
raised and remained flat as water flow rate increased. These results were not
significantly contradicted by the experiments of Armbruster & Mitrovic (1998).
Numerous studies also have attempted to explain the relationship between intertube
spacing and film thickness. In 2012, Hou et al. have proposed new correlation for
2determining film thickness. Hou et al. (2012) provides in-depth analysis of the work
of Nusselt (1916) by adapting intertube spacing variable in the correlation.
According to an investigation by Hou et al. (2012), the minimal values of the ﬁlm
thickness locate at different circumferential angles in the range of 90°–115° rather
than at the single point of θ = 90° predicted by Nusselt correlation. Hou et al. (2012)
also found that film thickness is minimized at intertube spacing of 40 mm. The
finding is consistent with findings of their proposed correlation. A careful study of
the literature reveals that the study on heat transfer coefficient and the effect of
temperature distribution for intertube spacing up to 100 mm has not been thoroughly
investigated. No attempt was done to explore the potential of intertube spacing up to
100 mm. A clear understanding of temperature distribution at this large size is very
essential for predicting maximum heat transfer coefficient. On the other hand, no
study has examined simulation analysis of film thickness under influence of intertube
spacing in 3 dimensional models. Thus, the present study deals with numerical
simulation of film thickness under influence of 10 mm to 40 mm intertube spacing in
3 dimensional models. The goal of this study also is develop a more rigorous
understanding of temperature distribution for intertube spacing up to 100 mm. The
current study contributes to our knowledge by addressing two important issues. First,
the maximum of heat transfer coefficient for intertube spacing up to 100 mm.
Secondly, the role of CFD simulation softwares in determining film thickness under
influence of intertube spacing.
1.2 Problem Statement
In commercial applications, the performance of horizontal falling film evaporator has
reached the current needs. Most studies on this device have been conducted in
various number of areas including numerical analysis. The heat transfer process is
influenced by various factors and it is closely related with film thickness on tube
surface. Generally, the heat transfer process from falling liquid film to surrounding
air produces heat transfer coefficient below 5 kW/m² K. However, the lack of control
over the use of liquid may lead to wastage costs. The less number of tubes will
definitely reduce the amount of fluid passes through it, thus allowing engineers to
3reduce operating cost. Therefore, to the best of author’s knowledge, the enlargement
of intertube spacing inside fix space of evaporator will reduce the number of tubes.
There is no report has been found so far in studies of heat transfer coefficient for
intertube spacing up to 100 mm. On the other hand, there is no simulation analysis of
film thickness under influence of intertube spacing in 3 dimensional models. Based
on these observations, the ability of simulation software in predicting film thickness
on horizontal tube surface is still questionable. These findings are important to serve
improvement in designing more efficient falling film evaporator without
compromising the ability of heat transfer that meet commercial needs. The study has
also gone some way towards enhancing our understanding of heat transfer behaviour
at maximum values and provide significance data on this size of intertube spacing.
1.3 Objectives of Study
In order to achieve the main aims of this research, the following objectives have been
emerged to fulfill available gaps within previous research;
1. To study heat transfer coefficients in experiment by increasing intertube spacing
to a maximum limit up to 100 mm.
2. To investigate falling film flow behaviour by varying intertube spacing.
3. To investigate falling film thickness and variations of temperatures by using
ANSYS Fluent Version 14.0 software.
1.4 Scopes of Study
The scopes of this research are as follows;
1. This research is focusing to the water falling film flow on horizontal tubes
with a diameter of 19.5 mm as typically used in industry standards size.
2. The coverage of Reynolds number in this study ranged between 300 and 3300
(300 ≤ Re no. ≤ 3300) under influence of ambient air at 35ºC and 27ºC based
on real application of falling film evaporator.
43. Ansys as Computational Fluid Dynamics (CFD) software was used for
development simulation process.
4. The present simulation was designed to predict the hypothesis that 40 mm
intertube spacing presents the minimal average of film thickness.
1.5 Dissertation Overview
This thesis consists of 6 chapters. Chapter 1 is introduction to research
background and chapter 2 is review of research for horizontal falling film in previous
literatures. Chapter 3 provides a detailed description of the new experimental rig
design and fabrication. The corresponding instrumentation, experiment conditions,
procedures and commissioning of the test facility are described in this chapter.
Chapter 4 provides details of significant settings in numerical simulation. Chapter 5
is discussing on flow patterns, heat transfer coefficient and simulation results.
Chapter 6 is conclusion and recommendations for overall evaluation.
CHAPTER 2
LITERATURE REVIEW
2.1 Introduction to Falling Liquids Film
When a liquid is flowing over horizontal tube, it was uniformly distributed around
tube periphery and fell off at the bottom. This flow has been influenced by
gravitational force and often referred to as falling liquid film (Robert, 1999). As the
flow reached at the bottom of tube, it drips and fall freely between intertube spacing
and impinges directly onto the surface of below tubes. The flow formed a thin layer
on tube surface and it is also known as a liquid film. The properties of this ﬂow is
usually dominated by viscous, gravity and surface tension eﬀects (Habert et al.,
2009).
Figure 2.1: Water falling film flowing over horizontal tubes (Armbruster & Mitrovic,
1998), (Jafar, Thorpe, & Turan, 2007).
62.1.1 Falling Film Evaporator
The working principle of liquid film has been widely used in many applications of
falling film evaporator. This type of heat exchanger is used to concentrate or remove
desired elements from main solutions. The evaporation process take place on its heat
sensitive components under influence of pressures. It is particularly useful in
application where temperature different between heating medium and liquids is less
than 8ºC (Merrell & Floyd, 1998). It has made a number of important applications
ranging from desalination industries, refrigeration systems, chemical, food and dairy
industries (Mohamed, 2007). The tubes of falling film evaporator is typically about 4
to 8 meters long which were heated by steam or vapor inside. It is preferable to get a
complete classification of falling film evaporation before introducing its features in
details. In general, heat exchangers were classified by many ways. Some general
classifications were according to construction, transfer processes, degrees of surface
compactness, flow arrangements, pass arrangements, phase of the process fluids, and
heat-transfer mechanisms (Shah et al., 1998; Thulukkanam & Kuppan, 2000). A
brief review of some exchangers are summarized in Figure 2.2. The heat exchangers
are usually classified according to process functions. As its name implies, the
classification consists of heaters, coolers, liquid-to-vapour-phase change exchangers,
chillers and condensers. The liquid-to-vapour-phase change exchangers are classified
as boilers and vapourizing exchangers. This classification was made based on
operation conditions either fired or unfired. The evaporation associated with several
devices including waste heat boilers, steam generators, reboiler and evaporation were
classified as unfired vapourizing exchangers. Additional ways to classify evaporation
are based on transfer process. For instance, the indirect and direct contact transfer
process. For indirect contact transfer process, working fluid is typically separated by
metal wall such as tube and plate. The constructions of indirect contact is consisting
of plate and tube shell design. The conventional designs of falling film evaporation
are vertical and horizontal tubes (Delyannis & Belessiotis, 2006). The first falling
film evaporation was invented by Samuel Morris Lillie and its evaporation process
takes place inside vertical tubes.
7Figure 2.2: General classification of falling film evaporator (Kakac & Whalley,
1991; Shah et al., 1998; Thulukkanam & Kuppan, 2000)
8The evaporation of falling liquid film on horizontal tubes have been
employed in a wide variety of commercial applications. In recent years, there are
many improvement efforts have been done primarily for applications of desalination
and refrigeration technology. However, in applications of air conditioning and
refrigeration, the principle of falling ﬁlm is not widely employed due to difﬁculties in
liquid distribution and tube alignment. This affected the uniformity of ﬂow and
generate more dryout spaces especially inside deep bundles (Ribatski & Jacobi,
2005). The increasing use of horizontal falling ﬁlm evaporation to remove undesired
minerals from saline water has brought an impact to the conventional heat
exchangers such as the coil and ﬂooded evaporation. The ﬂooded evaporation
systems have received less attention and being replaced gradually in recent years. In
configuration of horizontal tubes as shown in Figure 2.3, the sprayed liquid is to be
evaporated on outside tube bundle. The heating fluid flows inside the tube. The
liquid outside the tube forms a thin film flowing around the tube. When it reaches the
bottom of tube, it drips off onto the tube below. One particular advantage of
horizontal falling film evaporation compared to vertical unit is reduction of liquid
distribution problems onto the tube surface. During a steady-state operation in
vertical unit, the same amount of liquid is fed and distributed uniformly around the
periphery of each tube. However, the even liquid distribution onto the horizontal tube
surface is done by adjusting sprays nozzles or perforated plates on the top of tube
bundle. Another advantages of horizontal falling ﬁlm evaporation including high heat
transfer rates at low liquid ﬂow rates, small temperature differences and pressure
drop over the tubes is negligible (Kakac & Whalley, 1991). In addition, this unit can
be operated with even lower pressure drops compared to the vertical design. In the
case of vertical unit, the tubes must be oriented precisely in vertical way and any
adjustment required a greater tolerance of deviation compare with horizontal falling
film evaporator.
The configuration of horizontal tubes bundle is standard design for sea water
desalination devices which mostly used for multiple effect distiller including
mechanical vapour compression (MED-MVC) and thermal vapour compression
(MED-TVC) systems (Ettouney & Wilf, 2009). It is also applied in designing
refrigeration system such as ammonia water chillers. The developments in
desalination technologies are specifically aimed at reducing cost and energy
consumption as well as minimizing environmental impacts. Both types of
9evaporation have been extensively utilized in MED system and the performance
improvement efforts are still ongoing over time.
Figure 2.3: Configuration of horizontal falling ﬁlm evaporator (Ettouney & Wilf,
2009)
The multiple-effect horizontal tube evaporation is often referred to as MED
or sometimes known as MEHT. It is well-established technology in desalination
industry which operates based on repeated use of water vapour from one evaporation
unit to heat the next effect at lower pressure. An arrangement of each evaporation
unit so-called effect is stacked horizontally as shown in Figure 2.4 and Figure 2.5.
The amount of evaporation water depending on the number of effects and the
operating pressures (Maroulis & Saravacos, 2003). Most MEHT operate at low
temperatures lower than 70ºC with the purpose of limiting the rate of scale formation
on outside surface of the evaporation tube. The vapour from last effect is compressed
at temperature range between 30ºC to 40ºC (Ettouney & Wilf, 2009). Generally, the
energy efficiency process of MEHT is optimized by coupling with vapour recovery
devices. The most commonly types used vapour recovery devices in MEHT systems
are mechanical vapour compression (MVC) and thermal vapour compression (TVC).
TVC uses high pressure steam to compress the vapour to higher pressures as shown
in Figure 2.4. The thermal vapour compression also operates under vacuum pressures
inside the evaporation chamber. The vapour are circulated by a vapour blower and
heated according to the available heating sources. The low pressure and temperature
vapour are sucked by the steam jet ejector A based on Bernoulli’s principle. It is
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driven by a small quantity of high pressure steam and deliver a hotter compressed
mixture of stream and vapour to the tubes of the first effect. On the shell side of each
effect, the seawater supply is sprayed onto the outside of the evaporator tubes. Part of
rejected brine from seawater in the last effect is reused as feed to the first effect. The
product of fresh water is collected in the last effect (E. Delyannis & Belessiotis,
2006).
Figure 2.4: Schematic diagram of MED-TVC with 2 effects (Delyannis &
Belessiotis, 2006)
The working principle of MVC unit is quite similar to TVC unit unless the
compressor is used to reheat the vapour to higher temperatures as shown in Figure
2.5. The MVC system contains five major elements, which include mechanical
vapour compressor, evaporation, preheaters for the intake seawater, brine and
product pumps, and venting system. The system of MVC unit is driven by electric
power and it does not require any external heating source. The low operation
temperature of 60ºC in MVC unit allows for reduced scaling and heat losses as well
as minimize requirement of thermal insulation (El-Dessouky & Ettouney, 2002). The
maximum boiling temperature of brine is 70ºC (Ettouney & Wilf, 2009).
The high capacity of MVC plants need many effects as shown in Figure 2.6.
Most common design of MVC consists of 2 to 12 evaporations effects. The
compressor increases vapour temperature about 58ºC to 63ºC in effect 1 meanwhile
49.5ºC to 62.5ºC for 4 evaporation effects. All MED systems can operate over a wide
range of intake seawater temperatures (El-Dessouky & Ettouney, 2002).
11
Figure 2.5: Schematic diagram of MED-MVC with simplified design (El-Dessouky
& Ettouney, 2002)
Figure 2.6: Schematic diagram of MED-MVC with two effects (Sidem &
Entropie, 2009)
The development of low refrigerant charge chiller, as shown in Figure 2.7,
has facilitate the use of ammonia water chillers. This device is use for air
conditioning service and possibly antifreeze chillers for supermarkets or other
applications. One attractive concept for this equipment was reducing the refrigerant
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charge. With this advantage, falling film evaporation was economical used for high
costs of HFCs and HCFCs refrigerant in refrigeration industry and also increased
safety in the case of toxic ammonia. Falling film evaporation are expected to provide
a high ratio of refrigeration capacity to refrigerant charge.
Figure 2.7: Ammonia-water chiller for air conditioning and refrigeration system
(Jabardo & Gonzalez, 1992)
2.2 Characteristics of Falling Liquids Film on Horizontal Tube
A significant amount of previous works on horizontal falling film analysis were
carried out over the last few decades. The variety of these analysis are covered in
both experimental and computational modelling. The numerical analysis is somewhat
challenging compared to experimental works and limited by the numerical
instabilities. This resulted in convergence difficulty issue at very low flow rates. The
number of numerical analysis are growing rapidly in the last few years but it is still
considered as low compared to experimental studies. The heat transfer process of
falling liquids film on tubes surface is influenced by several factors such as working
fluids, water boiling point, flow rates, flow patterns and film thickness. The
particular important part in analysis is defining parameters of flow rates, temperature
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and pressures to ensure the accuracy of data with acceptable ranges. The studies
involving falling liquid film on horizontal tube requires several standardization for
some important parameters. It is essential to understand and develop standards
measurement in order to enable comparability between two or more configurations of
falling liquid film. The use of software in analysis has increased rapidly over the past
few decades. The growth leads to a better development performances and high
demands in research. The Computational Fluid Dynamics (CFD) has brought a great
understanding in development of thermal fluids analysis. The CFD softwares are
capabled to cover all characteristics of falling liquid film, physical modeling of heat
transfer, turbulence model flow, and reactions for industrial applications ranging
from bubble columns to oil platforms, from blood flow to semiconductor
manufacturing, from clean room design to wastewater treatment plants and from air
flow over an aircraft wing to combustion in a furnace. The complex analysis is no
longer impossible with assistance of this software. This section describes all related
parameters of falling liquid film.
2.2.1 Spray Density, Γ L of Falling Film on Horizontal Tube
In many applications, involving liquid flow, the common unit used for liquids flow
rate was known as kg/s. However, a new definition unit of flow rates was introduced
in the study of horizontal falling film evaporator. It was defined as spray density, ΓL
with new unit of flow rates per unit length of tube or shortly written as kg/sm. It was
extended from common flow rate unit, kg/s. Although this unit is slightly different
compared to kg/s, it is important for the purpose of comparison works especially
between two different falling film systems. When this unit is adapted in two systems
of falling film with different tube length, each flow rates are able to achieve equal
values. This comparison is only valid provided that both dimensions of diameter, d
and pitch tube, S on each system remain the same. On the contrary, the unit of kg/s is
not applicable for this applications. These features facilitate any comparison between
different horizontal falling film systems as illustrated in Figure 2.8.
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Figure 2.8: ΓL remains constant regardless of tube length
With developments of falling liquid film technologies, various designs have
been constructed to meet the suitability of any operating conditions and sizes.
Furthermore, the increasing number of studies in recent years have involved with
different tubes length between one another. The common unit of flow rates kg/s were
also changed corresponding to length of each tube. The diversity of these values need
to be standardized to allow comparisons between different systems. The best way to
implement this standards is by adopting a new unit called kg/sm instead of kg/s in
common analysis of liquids flow. In order to prove that unit of kg/sm remains
constant regardless of tube length, all derivations are explained in the following
page. By definition, the flow rates per unit length of tube or known as spray density,
ΓL , is defined as:
lt
mΓ L  (2.1)
l
mΓ L  (2.2)
where m is mass of water, m is water mass flow rate, t is time and is tube
length. Based on Figure 2.7, l 2 is longer than )>( 121 lll with magnification factor
α. α indicates length ratio between l 1 and l 2 . The variables are related by
lαl 12  (2.3)
l
lα
1
2 (2.4)
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The relation between flow rates of m 2 and m1 are also governed by this α:
mαm 12   (2.5)
m
mα
1
2

 (2.6)
Thus,
m
m
l
lα
1
2
1
2

 (2.7)
Hence,
l
m
l
mΓ
2
2
1
1L   (2.8)
In other words, Γ L remains constant regardless of tube length as shown in
Equation (2.8). This unit facilitates any comparison between two different systems of
falling liquid film. This unit is typically used to classify 3 different types of flow
patterns as will be mentioned in section 2.2.8. The Equation (2.8) can be clearly
understood by considering two cases of falling film as illustrated in Figure 2.9. The
length of tube in case 2 is three times longer than case 1. The pitch tube, S for both
cases were fixed at 0.04 m. The mass flow rates per unit length of tube ΓL for both
cases were compared as shown in the following calculation.
Figure 2.9: Two different length of tube
Since the tube length of case 2 is three times longer than that of case 1, the
magnification factor becomes
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3 α (2.9)
The mass flow rates m 2 for case 2 is determined using Equation (2.5) as
follows:
m3m 12   (2.10)
s/kg13m 2  (2.11)
s/kg3m2  (2.12)
Hence, the unit of kg/sm for both cases are :
Case 1:
kg/sm11
1Γ L  (2.13)
Case 2:
kg/sm13
3Γ L  (2.14)
In conclusion, Γ L remained at the same values even though each tube was
different in length.
2.2.2 Working Fluids of Horizontal Falling Film
Horizontal falling film evaporation technique is widely used in desalination,
refrigeration, chemical, and beverage industries. The design of closed shell allows
for a various types of working fluids to operate at any pressures without being mixed
with other fluids. This characteristics is essential especially in operation that requires
the use of toxic and volatiles fluids such as ammonia and alcohol. In addition, the
pressure adjustment inside its closed vessel allows any evaporation rates of working
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fluid at low temperatures. Ribatski & Jacobi (2005) showed that various types of
working fluid were used in their experiment and the most preferable one is water.
Water was the main option as a working fluid in many previous analysis. It was a key
of choice for many researchers due to its form of liquid at room temperature under
atmospheric pressures. It is also readily available at a low cost and easily handled. As
specialized studies required the use of a real fluids such as a refrigerant of ammonia,
R-11, R-13 and R-134a, water is no longer suitable to be used in analysis. The results
of these studies were closed the real process of horizontal falling film evaporation.
Based on results provided by Hou et al. (2012) in Figure 2.10, the film thickness, δ
between seawater and pure water are almost the same.
Figure 2.10: Variation of film thickness between seawater and pure water (Hou et al.,
2012)
2.2.3 Dimensions and Material Used in Horizontal Falling Film
The diameter of falling film evaporation tubes ranges between 3/4 to 1 inch. In order
to comply with actual evaporation tube sizes, diameters selected should be in size of
were 3/4 inch, 5/8 inch, and 1 inch. The size of smaller diameter makes evaporation
devices more compact and hence difficult to be cleaned mechanically. The studies of
Ribatski & Jacobi (2005) showed that a variety of diameters sizes in this range were
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used by most of researchers. The limits range of their selections were typically in
between 19.05 mm up to a bigger size of 132 mm. The most preferable among
researchers were 25.4 mm. According to Hisham (2009), the thickness of falling film
evaporation tubes used ranged between 0.01 to 0.05 m and their corresponding
length is between 5 to 8m. The tube are normally made of stainless steel (304 or 316)
with highly polished surface to conform the hygienic standard (George, 2002).
2.2.4 Water Boiling Point During MEHT Operation
The normal range of water boiling point operates in falling film evaporation varies as
low as 8 kPa to as high as 31 kPa of absolute pressures. In these operating
conditions, a varying reduced pressure is to reduce the boiling point of working
liquids and to allow a low temperature operation. The type and number of MEHT’s
effects are factors affecting the temperature conditions of each unit. Each effect is
slightly different compare to unit located next to it. The first and warmest effect is
typically operated at a temperature below 70°C to avoid scale formation. In normal
operating conditions of MED, the working temperatures and pressures ranges
between 40°C to 70°C corresponding to 7.3 kPa and 32 kPa respectively (Bigham et
al., 2015). Table 2.1 shows several operating parameters for two MEHT with
different number of effects.
Table 2.1: Operational data of two MED with different number of effects (Bigham et
al., 2015)
Number of Effects 4 2
Feed Water Temperature, ºC 45 45
Discharge Water Temperature, ºC 65 70.7
First Effect Temperature, ºC 59.8 59.8
Second Effect Temperature, ºC 55.1 49.7
Third Effect Temperature, ºC 50.5 -
Fourth Effect Temperature, ºC 45.7 -
Condenser Temperature, ºC 45.2 49.2
In addition, many studies have been conducted in the past with different
range of temperatures and pressures. The experiment of Wildebrand & Carsten
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(2007) was maintained at the evaporation temperature and pressure in the range of
40°C/0.074 bar to 90°C/0.7 bar. Ribatski & Jacobi, 2005 reviewed various
temperature and pressure used in previous studies. These differences depended on
objectives of each study. Most of their working temperatures ranges between 40°C to
a maximum of 70°C.
2.2.5 Ideal Gas Equation for Environmental Air
The ideal gas equation of state relates several properties including pressure,
temperature and specific volume by three equations (Cengel & Boles, 2006). These
equations are shown as follows:
RTνP aaa  (2.15)
where Pa is absolute pressure of air, νa is specific volume of air, R is gas
constant, Ta is absolute temperatures of air and ρa is mass density of air. The gas
constant R is fixed at 0.287 kJ/kg K. All real gases approach ideal-gas behavior at
low pressures, and therefore the use of ideal gas equation in this condition is resulted
with no deviation of errors. However, the properties of gases significantly deviated
from ideal-gas behavior at states near the saturation region and the critical point. The
deviation from ideal-gas behavior is corrected by introduction of correction factors
called compressibility factor Z and defined as follows:
RT
νPZ
a
aa (2.16)
P
PP
cr
aR  (2.17)
T
TT
cr
aR  (2.18)
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The terms PR , Pcr, TR and Tcr are reduced pressure, critical pressure, reduced
temperature and critical temperature respectively. The values of P R , T R and Z are
found in Nelson – Obert generalized compressibility chart provided by Cengel &
Boles (2006).
2.2.6 Archimedes Number for Falling Film Thickness
The Archimedes number, Ar is used in determining falling film thickness. By
definition, the equation is defined as follows:
rcesViscous Fo
rcesGravity FoAr (2.19)
μ
dρgAr
L
L 2
3
 (2.20)
where g is gravitational acceleration, ρ L is mass density of liquid, d is
diameter of tube, and μ L is dynamic viscosity of liquid.
2.2.7 Humidity of Environmental Air
The mean monthly relative humidity in Malaysia falls within 70% to 90%, varying
from place to place and from month to month. For any specific area, the range of the
mean monthly relative humidity varies from a minimum of 3% to a maximum of
about 15%. At Tun Hussein Onn Malaysia University, the mean daily minimum of
relative humidity in thermodynamics laboratory can be as low as 65% during the
morning and reaches as high as 75% during afternoon. It was observed that relative
humidity range is 0.65 with an uncertainty of ±0.03. In this research, the digital
psychrometers was used to measure this variation of humidity.
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2.2.8 Reynolds Number of Falling Liquid Film
The most used formula of Reynolds number, Re no., for falling film on horizontal
tubes was referred to several previous studies and it was defined as Equation (2.21)
(Adib, Heyd, & Vasseur, 2009; Çengel & Cimbala, 2006; Jafar et al., 2007; Li, Wu,
& Luo, 2010; Liu & Yi, 2002). The derivation of this formula maybe found in works
of Ahmed (2014).
μ
ΓRe
L
LL 4 (2.21)
where ΓL is mass flow rate of liquid film per unit length of tube and μL is
dynamic viscosity of liquid. On the other hand, the flow modes are basically
classified into three different patterns when falling liquid films is flowing over
horizontal cylinders. Each of these ﬂow patterns is known as droplet mode, the jet or
column mode and the continuous liquid sheet mode as shown in Figure 2.11. The
flow patterns of falling film on horizontal tube plays important role in heat and mass
transfer of falling liquids film. The complex nature of these process have received
wide attention from many researchers. Many theoretical and experimental studies
have provided valuable contributions and generally, they observed by means of
control over the mass flow rate and other physical parameters including pitch length,
shape of tube surface, and types of fluids used as reported by Mohamed (2007).
Figure 2.11: Schematic shows three flow modes a) droplet mode, b) column or jet
mode and c) sheet mode (Armbruster & Mitrovic 1998)
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Apart from that, two patterns of transition regions between these three flow
modes were also described as droplet-columnar and columnar-sheet. In analysis of
horizontal falling film, the flow patterns was closely related to Reynolds number, Re
no.. It was used as key parameter to determine specific type of flow patterns on
horizontal falling film. Many previous researchers tried to define these flow patterns
in details to get a more accurate range of Re no. In addition, the experimental results
of several previous literatures showed a certain ranges of Re no. as shown in the
following Table 2.2.
Table 2.2: Range of Re no. corresponding to flow patterns
Scenarios of Water
Flow Pattern
Reynolds Number, Re no.
Previous Literatures With Zero Velocity of Air Flow
(Armbruster &
Mitrovic,
1998)
(Mohamed,
2007)
(Schausber
ger et al.,
2009)
(F. A.
Jafar,
Thorpe, &
Turan,
2009)
(J. Chen,
Zhang, &
Niu, 2015)
a. Droplet 0-84.5 0-210 150-200 0-200 -
b. Droplet - Droplet
/ column - - - - 450
c. Droplet - column 84.5-110 210-290 - - -
d. Droplet / column
- Column - - - - 567
e. Column 110-301 290-620 315-600 200-800
f. Column - Column
/ sheet - - - - 1174
g. Column - sheet 301-389 620-780 - - -
h. Column / sheet -
Sheet - - - - 1311
i. Sheet Re no. ≥ 389 780-1000 Re no. ≥600 800-2000 -
Temperature, ºC 50 25 50 20 10
Tube diameter mm 19.05 19.05 20 20 14
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According to experiments result of Maron-Moalem (in Jafar et al., 2009), the
Re no. corresponding to flow patterns of falling films on horizontal tube was
characterized in range of 150 ≤ Re no. ≤ 200. Meanwhile, the transition mode
between jet to sheet mode occurs in the range of 315 to 600. The experiments
revealed that transition from droplet to jet mode occurred at Re no. between 150 ≤ Re
no. ≤ 200. The flow patterns and partial surface dryout on both inter-tube spacing
and tube surface were among two factors affecting heat transfer coefﬁcient (Ribatski
& Jacobi, 2005). Besides, the transition from jet to sheet mode was occurred at a
range of 315 up to 600 (Jafar et al., 2009). The types of falling film flow on
horizontal tube were often classified into laminar and turbulent. Both flow regimes
are depending on Re no. and tube spacing (Yasunobu Fujita, 1994). Many previous
researchers tried to determine an accurate values of film Reynolds number whether
to be treated as being laminar or turbulent. Based on experimental work of Hou, Bi,
& Zhang (2012), the ﬁlm Reynolds number for laminar was in a range of 150 ≤ Re
no. ≤ 800 and typically cited to be 1600 ≤ Re no. ≤ 1800 for transition to turbulent
ﬂow. Carey & Thome (in Ribatski & Jacobi, 2005) proposed a transitional Re no., of
1500. Thome (in Ribatski & Jacobi, 2005) noted that for Re no., of 1200, 1800 and
2000, the ﬂow of falling ﬁlm becomes turbulent. The investigations of critical Re no.
corresponding to film flow patterns might be a challenge among researchers however
in common analysis, the laminar flow assumption is always be used. The Reynolds
number of falling film flowing over horizontal tubes rarely exceeds 2100 (Perry et
al., 1999). Experimental results indicated a transition from laminar to turbulent film
conditions at Re no. about 2000 (Rogers & Goindip, 1989). According to Ouldhadda
(in Luo et al., 2013), the flow was considered as laminar when film Re no. is
between 400 ≤ Re no. ≤ 4000. Based on Reynolds number between 1702 ≤ Re no. ≤
4171 in his study, the laminar model was adopted for the numerical investigation
(Luo et al., 2013). Several previous literatures on film flow and Reynolds Number
has also been studied by Brumﬁeld & Theofanous (in Ribatski & Jacobi, 2005) and
Carey & Thome (in Ribatski & Jacobi, 2005). According to their results, the ﬁlm can
be fully turbulent only for Re no. ≥ 6000.
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2.2.9 Environmental Heat Transfer on Horizontal Falling Film
Several investigations of heat transfer process have examined significant effect of
environment and intertube spacing on falling film. All experiments have been
conducted with purpose to enhance heat transfer process on horizontal falling film.
This effect is more pronounced under influence of air flow. According to Armbruster
& Mitrovic (1998), there were two different locations on falling film system where
heat transfer process took place in two different ways. The first process was
convection between intertube spacing while the other was conduction on tube
surface. Both processes were varied independently from one another. The processes
of heat transfer on the tube surface took place as the water at temperature different
than that of the surface.
Figure 2.12: Heat and mass transfer processes associated with horizontal falling film
(Armbruster & Mitrovic, 1998)
The observation in Figure 2.13 shows that as the height increases, the fluid
velocity will slightly gained. The increasing in velocity over the heating tubes helps
to enhance the heat transfer. When the fluid attains higher velocity, the convective
heat transfer increases and this allows the heat exchanger perform efficiently.
Allowing the liquid to fall free at maximum height will give it a greater velocity,
however as one can see, raising the distance too high can result in an ineffective fluid
covering of the heating tubes, yielding a poor heat transfer coefficient (Yang & Shen,
2008).
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